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Present-day global mean sea level rise is caused by ocean thermal expansion, ice mass
loss from glaciers and ice sheets, as well as changes in terrestrial water storage. For
that reason, sea level is one of the best indicators of climate change as it integrates the
response of several components of the climate system to internal and external forcing
factors. Monitoring the global mean sea level allows detecting changes (e.g., in trend or
acceleration) in one or more components. Besides, assessing closure of the sea level
budget allows us to check whether observed sea level change is indeed explained by
the sum of changes affecting each component. If not, this would reflect errors in some
of the components or missing contributions not accounted for in the budget. Since the
launch of TOPEX/Poseidon in 1992, a precise 27-year continuous record of sea level
change is available. It has allowed major advances in our understanding of how the
Earth is responding to climate change. The last two decades are also marked by the
launch of the GRACE satellite gravity mission and the development of the Argo network
of profiling floats. GRACE space gravimetry allows the monitoring of mass redistributions
inside the Earth system, in particular land ice mass variations as well as changes in
terrestrial water storage and in ocean mass, while Argo floats allow monitoring sea water
thermal expansion due to the warming of the oceans. Together, satellite altimetry, space
gravity, and Argo measurements provide unprecedented insight into the magnitude,
spatial variability, and causes of present-day sea level change. With this observational
network, we are now in a position to address many outstanding questions that are
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important to planning for future sea level rise. Here, we detail the network for observing
sea level and its components, underscore the importance of these observations, and
emphasize the need to maintain current systems, improve their sensors, and supplement
the observational network where gaps in our knowledge remain.
Keywords: sea-level change, satellite altimetry, GRACE (gravity recovery and climate experiment), Argo float array,
sea level budget

INTRODUCTION

and the solid Earth. Indeed, global mean sea level changes
result from ocean thermal expansion and ocean mass changes
due to ice mass loss from the Greenland and Antarctica ice
sheets, melting of glaciers, and changes in land water storage. At
regional scale, spatial trend patterns in sea level result from the
superposition of “fingerprints” caused by different phenomena:
changes in sea water density due to changes in temperature and
salinity (so-called “steric” effects), atmospheric loading, and solid
Earth’s deformations and gravitational changes in response to
mass redistributions caused by land ice melt and land water
storage changes (called “static” effects; Stammer et al., 2013).
The land ice melt-related static factor comes from two processes:
the viscoelastic response of the solid Earth to last deglaciation,
also called Glacial Isostatic Adjustment (GIA), and the elastic
deformation of the Earth’s crust due to ongoing land ice melt,
and associated changes in the gravitational field of the planet.
The static factors—mostly inferred from modeling—give rise
to complex regional patterns in sea level change (Bamber and
Riva, 2010; Tamisiea, 2011; Spada, 2017): sea level drop in the
immediate vicinity of the melting bodies but sea level rise in
the far field (e.g., along the coast of northeast America and in
the tropics). The GIA effect depends on Earth’s mantle viscosity
structure and deglaciation history (Lambeck et al., 2010; Peltier
et al., 2015) while the response of the solid Earth to ongoing land
ice melt essentially depends on the elastic structure of the Earth,
especially the lithosphere as well as amount and location of ice
mass loss.
In the following, we call GMSL (t) temporal variations of the
global mean sea level where t represents time.
GMSL(t) is classically expressed by the sea level
budget equation:

Sea level varies over a broad range of spatial and temporal
scales in response to a large variety of physical processes.
On time scales ranging from a few years to several decades
(the time scale of interest here), sea level changes are caused
by external forcing factors of natural origin (e.g., changes
in solar irradiance and volcanic eruptions) or induced by
human activities through Green House Gas (GHG)-related
global warming. Natural variability inside the climate system,
for example related to coupled atmosphere-ocean perturbations
such as El Nino-Southern Oscillation (ENSO), North Atlantic
Oscillation (NAO), or Pacific Decadal Oscillation (PDO) also
cause interannual to multidecadal sea level variations at regional
and global spatial scales. On these time scales, deformations of
the solid Earth and changes in the gravity field caused by mass
redistributions occurring inside the Earth or at its surface also
produce regional sea level variations.
In this paper we discuss the sea level budget, i.e., the
observed global mean sea level and its various contributions
(ocean thermal expansion, land ice melt, land water storage
change), focusing on the altimetry era (1993 to present). Tide
gauge instruments located along coastlines have for more than a
century provided invaluable information on historical sea level
evolution. However, it is only recently, since the early 1990s,
that sea level can be measured with quasi global coverage,
owing to the constellation of altimeter satellites. Data availability
from the Gravity Recovery and Climate Experiment (GRACE)
mission (Tapley et al., 2004) and from the Argo system of
autonomous profiling floats (Riser et al., 2016) since ∼2005 also
allows quantifying the various components causing global mean
sea level changes, hence assessing the closure of the sea level
budget. Here, we present the various observing systems used
to study the sea level budget over the altimetry era. We also
address requirements for sustained observations as well as new
or complementary observing systems to improve our knowledge
of all components of the sea level budget. Regional and coastal sea
level are the topic of other white papers (Benveniste et al., 2019;
Ponte et al., 2019), thus they are not addressed here.

GMSL(t) = GMSLsteric (t)+GMSLmass (t)

where GMSLsteric (t) and GMSLmass (t) represent the global
steric sea level change (i.e., the contributions of ocean thermal
expansion and salinity changes) and the change in mass of the
oceans, respectively. Note that in terms of global average, salinity
does not contribute to the GMSL.
The total water mass of the climate system is conserved. Thus,
the mass term can be written as:

GLOBAL MEAN SEA LEVEL AND ITS
COMPONENTS

Mocean (t) + MGlaciers (t) + MGreenland (t) + MAntarct. (t)
+MLWS (t) + MAtm (t) + missing mass terms = 0

Sea Level Budget

(2)

In equation (2) above, Mocean (t), MGlaciers (t), MGreenland (t),
MAntarct. (t), MLWS (t) and MAtm (t) correspond to changes
in mass of the ocean, glaciers, Greenland and Antarctica

Present-day interannual to decadal changes in sea level result
from different contributing factors that themselves arise from
changes in the ocean, the terrestrial hydrosphere, the cryosphere,
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MEASURING SEA LEVEL BY ALTIMETER
SATELLITES

Ice Sheets, as well as changes in land water storage
(LWS) and atmospheric water vapor content. Snow mass
changes are generally included in the land water storage
term. Changes in atmospheric water vapor content are
supposed to be small and are currently neglected. Missing
mass terms could include for example water released by
permafrost thawing. The latter contribution is also assumed to
be negligible.

Until the early 1990s, sea level rise was measured by tide gauges,
which are unevenly distributed in space and time (Figure 1). The
tide gauge records suffer from data gaps and are contaminated by
vertical land motions (VLMs). Thus depending on the processing
methodology and adopted corrections for the VLMs, scattered
estimates of the Twentieth century sea level rise have been
proposed, ranging from 1.2 to 1.9 mm/year (Church and White,
2011; Jevrejeva et al., 2014; Hay et al., 2015; Dangendorf et al.,
2017).
Since the beginning of 1993, sea level is now measured by a
succession of altimeter satellites with quasi global coverage. In
effect, the launch of the TOPEX/Poseidon mission in August
1992 marked the beginning of the era of high-precision satellite
altimetry for applications to oceanography and climate research.
The constellation of high-precision satellite altimeters is shown
in Figure 2.
Outside Europe, several groups routinely process the altimetry
data to provide sea level products at global and regional scales.
These include:

• Temporal changes in the thermal and mass components of
the above budget equation directly cause variations of the
global mean sea level. Study of the sea level budget thus
provides constraints on imperfectly known contributions, e.g.,
the deep ocean below 2,000 m being undersampled by current
observing systems or the still-uncertain land water storage
component (WCRP Global Sea Level Budget Group, 2018).
Study of the sea level budget also provides information on
the total ocean heat content, from which the Earth’s energy
imbalance can be deduced (e.g., Von Schuckmann et al., 2016;
Meyssignac et al., 2019).
• The Global Climate Observing System (GCOS, 2011) has
defined a set of ∼50 Essential Climate Variables (ECVs) to be
monitored on the long term to improve our understanding of
the changing climate. 26 ECVs are observable from space. The
sea level ECV is one of them. The global sea level indicator
and the global sea level budget are now included in the annual
Statement on the State of the Global Climate delivered by the
World Meteorological Organization (WMO (World Climate
Organization), 2019) to inform decision makers and society
about the global climate as well as weather and climate trends
at global and regional scales.

1) University of Colorado (CU Release 3; http://sealevel.
colorado.edu/).
2) Goddard Space Flight Center (GSFC version 2; https://
sealevel.jpl.nasa.gov/).
3) National Oceanographic and Atmospheric Administration
(NOAA;
http://www.star.nesdis.noaa.gov/sod/lsa/
SeaLevelRise/LSA_SLR_timeseries_global.php).
4) Commonwealth Scientific and Industrial Research
Organization
(CSIRO;
www.cmar.csiro.au/sealevel/sl_
data_cmar.html).

Summary of Recent Results on the Global
Mean Sea Level Budget

In Europe, altimeter sea level products have been processed
by the CNES/CLS DUACS altimeter production system since
2001 (https://duacs.cls.fr) and distributed since 2003 through
the AVISO+ CNES Satellite Altimetry Data portal (www.aviso.
altimetry.fr/en). Since 2015, the whole processing, operational
production and distribution of the DUACS along-track (level
3) and gridded (level 4) altimeter sea level products have been
taken over by the European Copernicus Program (with the
support of EUMETSAT for Sentinel-3 products). The DUACS
production system delivers sea level products for two different
Copernicus services:

A number of previous studies have studied the global mean
sea level budget over different time spans, in particular over
the high-precision altimetry era, using different data sets (e.g.,
Cazenave et al., 2009; Church and White, 2011; Leuliette and
Willis, 2011; Llovel et al., 2014; Chambers et al., 2017; Chen et al.,
2017; Dieng et al., 2017; Nerem et al., 2018). Assessments of
the published literature have also been performed by successive
IPCC (Intergovernmental Panel on Climate Change) reports
(e.g., the 5th Assessment Report, Church et al., 2013). A recent
effort involving the many groups worldwide was conducted
in the context of the World Climate Research Programme
(WCRP), to assess the global mean sea level budget using
all available data sets for all terms of the sea level budget
(WCRP Global Sea Level Budget Group, 2018). Another ongoing
initiative is the ESA Climate Change Initiative (CCI) Sea
Level Budget Closure project, which analyzes, in an integrative
context, recent results obtained by the ESA CCI programme
for the sea level, glaciers and ice sheet ECVs (with additional
consideration of the ocean thermal expansion component
utilizing the CCI Sea Surface Temperature ECV), and assesses
to what degree the global mean sea level budget is closed
(Horwath et al., 2018).

Frontiers in Marine Science | www.frontiersin.org

- The Copernicus Marine Environment Monitoring Service
(CMEMS, http://marine.copernicus.eu/): the sea level
products focus on the retrieval of mesoscale signals with the
best estimate and sampling of the ocean at each moment and
are thus dedicated to ocean modeling and ocean circulation
analysis. Both delayed-time and near-real-time products
are distributed.
- The Copernicus Climate Change Service (C3S, https://
climate.copernicus.eu/): the altimeter products focus on
the monitoring of the long-term evolution of sea level for
climate applications and the analysis of ocean/climate
indicators. These delayed-time products have been
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FIGURE 1 | Tide gauge coverage with > 40-year-long records (source: PSMSL; https://www.psmsl.org/products/data_coverage/).

FIGURE 2 | Constellation of high precision altimeter satellites; Status in April 2019.
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FIGURE 3 | Coverage of high-precision altimetry missions in repeat orbit (red curves correspond to Jason orbits, while yellow curves correspond to
Envisat/SARALAltika orbits).

developments. In this context, the operational production of the
climate-oriented sea level products by the Copernicus climate
service (C3S) extends the sea level time series.
Among the different ocean monitoring indicators, the global
mean sea level can either be derived by directly averaging the
validated along-track data or averaging gridded data based on
optimal interpolation of the along-track data. The long-term
stability of the GMSL is ensured by the TOPEX-Poseidon,
Jason-1, Jason-2, and Jason-3 reference missions. They are thus
essential for the computation of the sea level trends. They
cover the ±66◦ latitude band and have a repeat cycle of 10
days. Other complementary and opportunity missions (ERS1, ERS-2, Envisat, SARAL/AltiKa, HY-2A, Sentinel-3A & 3B,
and CryoSat-2) improve the geographical sampling of mesoscale
processes by improving the spatiotemporal resolution, provide
high-latitude coverage (up to +/−82◦ ), and increase the sea level
accuracy (Figure 3).
Among the above-listed different international groups that
compute the GMSL, each one has its own processing system,
considers different satellite missions, applies slightly different
geophysical corrections, and has developed different strategies
for the data editing and gridding. The GMSL time series
derived from the European products (averaging of alongtrack measurements of the reference missions for AVISO+
and averaging of multi-mission merged gridded CMEMS or
C3S products) are considered to be identical since the same
altimeter standards are used to compute the sea level anomalies,
and the long-term stability is ensured by the same reference
missions. The remaining observed GMSL differences are not

designed with a focus on homogeneity and stability of
the record.
The main differences between the CMEMS and C3S altimeter sea
level products concern: (i) the number of altimeters used in the
satellite constellation: all available altimeters are considered in the
CMEMS products whereas a steady number (two) of altimeters
are included in the C3S products; and (ii) the reference field
used to compute sea level anomalies: an optimized reference field
(mean profiles of sea surface heights) is used for missions with a
repetitive orbit in CMEMS whereas an homogeneous mean sea
surface is used for all missions in C3S.
All these DUACS altimeter sea level products were previously
known as “AVISO” products and should now be called
“Copernicus” products. More details on their specification
are available in the product user manuals of the respective
Copernicus services as well as in Pujol et al. (2016) and
Taburet et al. (in press). The AVISO+ portal still includes ocean
monitoring indicators (such as the GMSL evolution), addedvalue and pre-operational research products (https://www.aviso.
altimetry.fr/en/data/products/ocean-indicators-products.html).
In addition, from 2011 to 2017, the ESA Sea Level
Climate Change Initiative (SL_cci, http://www.esa-sealevel-cci.
org/) project has developed new optimized altimeter algorithms
that improve the homogeneity and stability of the sea level record.
This has led to the production of a delayed-time sea level product
including nine altimeter missions and covering the period 1993–
2015 (Ablain et al., 2015, 2017a; Quartly et al., 2017; Legeais et al.,
2018). The last version of the operational Copernicus sea level
products (DT-2018 reprocessing) has benefited from the SL_cci

Frontiers in Marine Science | www.frontiersin.org

5

September 2019 | Volume 6 | Article 582

Cazenave et al.

Global Mean Sea Level and Its Components

significant given the uncertainty considered on different scales
(Ablain et al., 2015).

THE 26-YEAR-LONG ALTIMETRY-BASED
GLOBAL MEAN SEA LEVEL
The altimetry-based GMSL record is shown in Figure 4. It is
based on the CCI multi-mission merged gridded sea level data
up to December 2015 extended with the CMEMS and near-realtime data from Jason-3. The time series is corrected for GIA by
subtracting a −0.3 mm/year value from the trend (Peltier, 2004).
The seasonal signal is removed by fitting sinusoids of 6- and 12month periods to the data. The first 6 years of the GMSL record
are corrected for an instrumental drift that affects the TOPEX-A
altimeter of the TOPEX/Poseidon mission, using the correction
proposed by Ablain et al. (2017b). Over the 26-year long time
span (January 1993 to February 2019), the mean rate of sea level
rise amounts to 3.15 ± 0.3 mm/year, with an acceleration of 0.10
± 0.04 mm/year2 (1-σ errors based on Ablain et al., 2019). This
acceleration value agrees well with Nerem et al. (2018)’s estimate,
of 0.085 mm/year2 , after removing the interannual variability of
the GMSL.

FIGURE 4 | Altimetry-based global mean sea level from January 1993 to
February 2019. The black thin solid line is a quadratic function fitted to
the data.

interferometric altimetry technology, to be launched in 2021,
will potentially also contribute to the global mean sea level
monitoring. The scientific community universally supports the
extension of the CryoSat-2 mission beyond 2019. On a longer
time frame, the continuation of the radar altimetry record is
less clear. Although the Jason and Sentinel satellite series are
expected to provide essential sea level measurements over the
coming decades for the mid-latitudes, in the Polar Regions—
north and south of 82◦ , which includes the rapidly changing
Arctic Ocean—a Polar orbiting cryosphere and ocean observing
topography mission is as yet unsecured.

UNANSWERED SCIENTIFIC QUESTIONS
AND NEW CHALLENGES IN TERMS OF
GMSL MONITORING
To maintain the quality of the altimetry-based sea level record,
sustained and ever more accurate observations from space are
required. A longer sea level record with increased accuracy
(fulfilling the GCOS requirements, GCOS, 2011) will allow
addressing unanswered science questions such as: “Does the
recently recorded acceleration of sea level rise represent a longterm shift toward a new climate regime? To what amount and
over what time scale will potentially abrupt changes in the
ice-sheet contributions affect the global sea level? How much
heat has already reached the deep ocean? Can we constrain
the Earth’s energy imbalance and its temporal variations with
improved global mean sea level observations? Is the regional
variability in sea level only due to internal climate variability
or can we already detect the fingerprint of anthropogenic
forcing? When should the anthropogenic signal emerge out
of the natural variability? Finally, which sectors of the global
coastline will be affected first and at the greatest societal cost?”
(Cazenave et al., 2019).
At the time of writing, 6 altimetry missions are in orbit (not
counting the Chinese missions): Jason-2, Jason-3, SARAL/AltiKa,
CryoSat-2, Sentinel-3A, and Sentinel-3B. Two of them (Jason2 and SARAL/Altika) have been recently placed in non-repeat
orbits, similar to the Cryosat-2 mission. However, not all satellites
are included when estimating the global mean sea level. For
example, NOAA, CU and GSFC only consider the reference
missions, and C3S use two satellites (Jason-3 and Sentinel
3A) to extend the CCI time series. In the near future (2020),
Sentinel 6 (Jason CS) will be placed on the same orbit as the
TOPEX/Poseidon-Jason series. The SWOT mission based on

Frontiers in Marine Science | www.frontiersin.org

STERIC SEA LEVEL
Variations in steric sea level (i.e., due to ocean volume
changes that result from density changes linked to temperature
and salinity fluctuations) contribute significantly to sea level
changes. Although satellite altimeters can measure total sea level
change, they are unable to measure steric variability directly.
Instead, in situ hydrographic measurements remain critical for
sampling the subsurface of the ocean and determining the steric
component of the total sea level change measured by satellite
altimeters. During most of the Twentieth century, this involved
temperature and salinity measurements collected by fixed-point
moorings, oceanographic cruises and commercial ships. These
data, however, suffer from serious sampling limitations that
inhibit the understanding of steric sea level variability. The
sampling in space is irregular—tied to ship tracks and fixed buoy
locations—and the sampling in time is sporadic and seasonally
biased. These issues are exacerbated as the record is extended
further into the past, with logistically inaccessible and deeper
parts of the ocean particularly undersampled. Furthermore, there
is a northern hemisphere and seasonal sampling bias (most data
collected during the summer), and remote areas of the global
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marginal seas, shallow shelf areas, and seasonally ice-covered
oceans among the most notable and scientifically important of
these areas (Von Schuckmann et al., 2016). During early stages
of Argo, the decision was made to avoid deployments in many
marginal seas due to the risk of premature loss of floats and
potentially problematic political issues. Since then, efforts have
been made to encourage deployments in such areas, but as seen
in Figure 5, areas like the Southeast Asian Seas (SEAS) remain
very poorly covered. Variability in the SEAS region can have a
substantial impact on global sea level and on heat storage on
interannual timescales, making them critical to observe. Finally,
coverage in areas poleward of 60 degrees North and South
remains poor due to low deployment and high rates of attrition
associated with the presence of sea ice floes that can damage the
floats. Technological advances have been made that allow for ice
avoidance of the floats, with increased lifetimes shown for these
adapted floats. Increasing the deployment of ice-adapted floats
would provide an improved understanding of sea level change at
both global and regional scales.

FIGURE 5 | Coverage of the global ocean by Argo floats on 04 September
2019.

ocean are poorly covered throughout the record and at all depths,
with the Southern Ocean one of the gravest cases in terms of
data coverage.
During the 1990s, the sampling situation improved
significantly with the World Ocean Circulation Experiment
(WOCE) project, an international initiative to develop surface
and subsurface observing systems that complement satellitemeasured sea surface height and sea surface temperature. From
this project, a profiling float that could provide measurements of
the subsurface of the ocean was developed. This eventually led to
the installation of a global array of profiling floats, named Argo,
with the primary motivation of assessing climate variability
and change, including GMSL change due to steric variations
(Roemmich et al., 2012, Riser et al., 2016). The first Argo floats
were deployed in 1999, and the global network has included
more than 3000 floats since 2007. That number now approaches
4,000 (Figure 5) with 25 national Argo programs around the
globe contributing instruments and their deployment. With
the data provided by the global array of Argo floats, the stericrelated GMSL change has been estimated to be ∼1.31 ± 0.5
mm/year (WCRP Global Sea Level Budget Group, 2018) from
2005 to 2015, and a regional map of steric sea level change
can be computed with comparable spatial variability to the
altimeter-derived trend map over the same time period.
Despite the significant advances that have been made as
a result of the Argo sampling program, observational needs
remain with respect to improving our understanding of steric
sea level change. The most prominently used Argo floats sample
only to a depth of 2,000 m, limiting our understanding of the
changes that may be occurring at depth layers below. Such
changes would be reflected in the total sea level observations
from satellite altimeters, which creates a gap in sea level budget
calculations that rely on Argo for the steric contribution. Recent
advances in profiling float and sensor technologies have led to
the development of profiling floats that can sample to depths
of 6,000 m (Zilberman, 2017). Regional pilot arrays are already
in place in the Southwest Pacific Basin, South Australian Basin,
Australian Antarctic Basin, and North Atlantic Ocean, and it is
critical that a transition to full-depth global ocean observation
continues to occur over the coming years. Additionally, even with
the dramatic improvement in sampling with Argo profiling floats,
there are still areas of the ocean that are undersampled, with
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MASS CONTRIBUTIONS
Mass changes and redistributions in the Earth system, notably
redistribution of water (in its liquid, solid, or gaseous state),
can be observed through their gravitational effect by satellite
gravimetry missions. GRACE was a joint mission by NASA
and DLR (the German Aerospace Center) which operated from
2002 to 2017. The mission concept built on the sensitivity of
the orbits of low Earth orbiting satellites to the spatial details of
the Earth’s gravitational field. GRACE consisted of two satellites
following each other in a distance of 200 km in a near-polar orbit.
Variations in the distance between the two satellites, which are
related to variations in the gravitational attraction of the Earth’s
mass, were measured by a K-band microwave ranging system
with micrometer precision. A GPS tracking system for orbit
determination, star cameras used for attitude determination
and control and a 3D accelerometer for the measurement of
non-gravitational accelerations were among the instruments
completing the system. Based on the measurements, the global
gravity field was solved for, typically on a monthly basis. The
temporal variations of the monthly gravity field solutions
were then analyzed to infer temporal changes in the mass of
elements in the Earth system. GRACE is now followed by the
GRACE-Follow-On (GRACE-FO) mission launched in May
2018 (https://gracefo.jpl.nasa.gov, https://www.gfz-potsdam.de/
en/section/global-geomonitoring-and-gravity-field/projects/
gravity-recovery-and-climate-experiment-follow-on-gracefo-mission) with essentially the same mission configuration
complemented by an even more precise laser ranging system
between the twin satellites.
Satellite gravimetry is unique because it is directly sensitive
to mass changes (rather than volume changes), including
mass changes of the global ocean (Johnson and Chambers,
2013, Chen et al., 2013, Rietbroek et al., 2016). GRACE has
enabled the “golden era” of sea level budget assessments where
ocean mass change can be directly determined to complement
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combined results from the glaciological method with trends
in elevation derived from ICESat and gravimetric information
from GRACE. Changes of the global continental water storage
(including snow cover) at decadal (due mainly to groundwater
depletion and man-made reservoirs) and seasonal scales have
been assessed from global hydrological modeling (Döll et al.,
2014a,b; Wada et al., 2017; Scanlon et al., 2018). In global
hydrological modeling, a multitude of data including storage
capacities of man-made reservoirs and the area of irrigated
cropland are taken into account.
Satellite gravimetry has not only enabled the estimation
of ocean mass change itself but has also added a powerful
means of assessing its continental sources. GRACE has become
instrumental in recording ice sheet mass change (Velicogna and
Wahr, 2006, Horwath and Dietrich, 2009), in validating global
hydrological modeling results (Döll et al., 2014a; Scanlon et al.,
2018), and also in estimating mass losses of the world’s glaciers
and ice caps (Luthcke et al., 2008, Jacob et al., 2012, Gardner
et al., 2013). By weighing mass changes in the Earth system
due to whatever contributory process in an integrative, globally
consistent way, satellite gravimetry has become the overarching
technique for assessing the ocean mass budget.
Current limitations of satellite gravimetry can be summarized
in four categories: (a) the limited temporal coverage, (b)
the limited spatial resolution, (c) the problem of separating
superimposed signals of mass change, including the GIA effects,
and (d) the insensitivity to mass redistributions of spherical
harmonic degree one (the so-called geocenter motion). These
limitations directly translate into observational requirements for
the future and will be discussed in the following.

FIGURE 6 | The sea level budget over the golden era, using GRACE-based
estimates of ocean mass change. The ensemble mean annual time series
published by WCRP Global Sea Level Budget Group (2018) are shown.

the determination of volume change by altimetry and the
determination of density change by the Argo sensor system. The
WCRP study on global sea level budget (WCRP Global Sea Level
Budget Group, 2018) provides a survey on recent GRACE-based
ocean mass change studies and results (Figure 6).
Global mean ocean mass change may also be considered
by assessing the individual contributions from mass changes
of ice, snow, and water mass on land. Apart from the use of
satellite gravimetry to determine these mass changes (discussed
later), there are established approaches for such assessments for
each land water/land ice storage component. The mass balance
of the Antarctic and Greenland Ice Sheets can been estimated
using a temporally continuous record of ice volume change
measured by satellite altimetry missions since 1992, combined
with an estimate of the density at which these changes occurred
(Wingham et al., 1998; Shepherd et al., 2012, 2018; McMillan
et al., 2014; Sørensen et al., 2018). Alternatively, the difference
between surface mass balance into the basin estimated by a
regional climate model (snow accumulation minus ablation),
satellite observations of ice discharge out of the basin measured
using InSAR or optical satellite data, and an estimate of the
ice thickness across a flux gate, can be used to compute mass
balance using the Input Output Method (IOM) (Mouginot et al.,
2014). Mass changes of the world’s mountain glaciers and ice
caps have been estimated from the spatial extrapolation of field
observations that are based on the direct or glaciological method
for selected glaciers globally (e.g., Dyurgerov and Meier, 1997;
Kaser et al., 2006) or later in combination with measurements
based on the geodetic method, i.e., differencing of DEMs from
at least two points in time (Cogley, 2009). More recently, the
direct measurements have been used in conjunction with globalscale glacier modeling to infer their contribution forward (e.g.,
Radic and Hock, 2011) and backward in time (e.g., Marzeion
et al., 2012). Another global-scale assessment of glacier mass
change over the 2003–2009 period by Gardner et al. (2013)

Frontiers in Marine Science | www.frontiersin.org

(a) GRACE, originally designed for a 5-year lifetime, operated
from 2002 through 2017, with some degradation of
instruments and data recovery in the late years of the
mission. Fortunately, GRACE-FO was launched in 2018,
so that only a moderate gap occurred between the two
missions. Since both missions determine the global gravity
field in an absolute sense, no inter-mission calibration
issues are expected. However, a long-term commitment to
satellite gravimetry missions as a core element of Earth
observation is not yet established by any organization. An
essential observational requirement therefore consists in the
continuation and operationalization of satellite gravimetry
missions, following the example of, and complementing,
satellite altimetry missions or meteorological missions.
Recently, the National Research Council of the United States
National Academies of Sciences, Engineering, and Medicine
published the Decadal Strategy for Earth Observation from
Space [Decadal Survey, NRC (National Research Council,
The National Academies of Sciences, Engineering, and
Medicine), 2018], where mass change was identified as one
of the top 5 observables to be implemented by future US
Earth observation missions in order to ensure continuity and
enable long-term mass budget analyses of the Earth system.
(b) The attenuation of gravity field signals of small spatial
scale at satellite height causes a decreasing sensitivity of
satellite gravimetry to small spatial scales. In other words, the
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(c) While the horizontal resolution of satellite gravimetry
can be improved by refinement and extension of mission
concepts, the inability of gravimetry to separate vertically
superimposed signals of mass changes is a mathematical
fact. While the separation of atmospheric mass changes
is routinely conducted by use of atmospheric modeling,
the separation of mass redistribution in the Earth’s interior
due to GIA from long-term redistribution of water and ice
masses on the Earth surface constitutes a major source of
uncertainty for GRACE-based ocean mass changes as well
as GRACE-based mass contributions from the Antarctic
Ice Sheet. The common way of accounting for GIA is to
use geophysical GIA modeling results, which in turn rely
on assumptions on glaciation history and Earth rheology
(Spada, 2017; Whitehouse, 2018). The difference between
global ocean mass change obtained when applying different
global GIA models is on the order of 0.2 mm/year
mean sea level (e.g., Blazquez et al., 2018). An additional
complication arises from the fact that Antarctic ice sheet
applications of GRACE have used regional GIA models,
which are different from, and inconsistent with, global
GIA models because global GIA models are considered
incompatible with regional geological evidence on Antarctic
glacial history (Ivins et al., 2013). Apart from improving
geophysical GIA modeling by using the growing body
of geological and geodetic constraints on sea level and
glaciation history and by accounting for lateral variations
of Earth rheology and non-Maxwell rheologies, it appears
that geodetic observations of GIA, in particular GNSS
observations of Earth surface deformations in Antarctica
and Greenland, are a critical observational requirement for
constraining ocean mass change and the ocean mass budget
(King et al., 2010, Groh et al., 2012, Khan et al., 2016, Barletta
et al., 2018). Satellite remote sensing by synthetic aperture
radar has the potential of adding complementary, spatially
extended information to the pointwise GNSS measurements
(Auriac et al., 2013, Yan et al., 2016). Any development
to observe bedrock deformations below ice sheets with
a millimeter-per-year precision would fill crucial gaps in
Antarctic GIA observation.
(d) Satellite gravimetry missions are insensitive to the largest
spatial scale of water and ice mass redistribution, namely
to the spherical harmonic components of degree one.
Roughly speaking, degree-one patterns reflect a net mass
exchanges between hemispheres, or in other words, a shift
of the center of mass of the considered water and ice
masses. The problem is directly linked to the determination
of geocenter motion and thereby to the realization of
the global terrestrial reference system origin and of the
transformation between different origin definitions (Wu
et al., 2012). Swenson et al. (2008) inferred degree-one
components from a combination of GRACE-based gravity
field variations with model-based assumptions on the water
redistribution in the global ocean. This approach has
been widely used with different modifications. However,
with this approach the inferences on ocean mass change
and ocean mass redistribution are inherently dependent

spatial resolution of GRACE-based mass change inferences is
coarse, unless the inferences are guided by additional a-priori
information. The signal-to-noise ratio of GRACE-based
mass changes decreases to less than one for spatial scales
smaller than 200–500 km, depending on signal strength, time
scale, and latitude. In addition, the GRACE (and GRACEFO) orbital geometry in conjunction with deficiencies in
modeling short-term mass variations induces distinctly
anisotropic error characteristics reflected in north-south
striping of unregularized solutions. The limits in spatial
resolution lead to so-called leakage effects in attributing
observed gravity field changes to the geographic location of
the underlying mass changes. For the example of ocean mass
budget applications, leakage effects manifest themselves in
the difficulty of attributing an increase of gravitational
attraction in the vicinity of coastlines to either regional
ocean mass increase or regional continental water/ice
mass increase, that is, to either a positive or a negative
contribution to the ocean mass budget. The limited spatial
resolution also prevents the detection of regional patterns of
ocean mass change in a spatial resolution comparable to that
of altimetry results and steric results.
New mission concepts with improved instrumentation
and different satellite orbit constellations as well as improved
modeling of background signals and improved processing
strategies are means of increasing the spatial resolution
of satellite gravimetry. In a community effort, Pail et al.
(2015a,b) identified threshold and target scenarios for
future satellite gravity missions, including the consideration
of oceanographic and ocean mass change requirements.
To meet these demands, currently several concepts for
Next-Generation Gravity Missions (NGGMs) are under
investigation and discussion. These concepts are usually
based on high-precision inter-satellite ranging observations
but differ in the set-up of the satellite constellation and the
resulting observation geometry. In 2013 the mission concept
called “e.motion” was proposed in response to ESA’s Earth
Explorer (EE) Call 8 (Panet et al., 2013). It was based on a
pair of low-flying satellites in a so-called pendulum orbit,
where the trailing satellite performs a relative pendulum
motion behind the leading one. As another promising
constellation, double-pairs in Bender configuration (Bender
et al., 2008) consist of two GRACE/GRACE-FO-like pairs,
where one pair flies in a (near-)polar orbit and the
other one in an inclined orbit of 60◦ to 70◦ . This
configuration significantly reduces the typical striping error
patterns of GRACE and GRACE-FO temporal gravity
solutions (Wiese and Visser, 2011; Daras and Pail, 2017).
The EE9 proposal e.motion2 (Gruber et al., 2015) was
based on the idea of a Bender double pair. Another
promising constellation is high-precision tracking between
high or medium orbiting and low orbiting satellites (Hauk
et al., 2017). The observation geometry, which is mainly
in radial direction, results in a significant reduction of
striping effects. It was the basis for the gravity mission
proposal called “MOBILE” in response to the ESA EE
Call 10 (Hauk and Pail, 2019).
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on a priori assumptions about the same processes. The
geodetic space techniques used to realize global terrestrial
reference systems, in particular Satellite Laser Ranging, are
capable of determining geocenter motion independently.
It is of utmost importance to maintain and further
develop the related global geodetic infrastructure and
data analysis capacities. The International Association of
Geodesy promotes this development by its Global Geodetic
Observing System, and the United Nations (UN) have
emphasized the importance by the resolution “Global
Geodetic Reference Frame for Sustainable Development” (U.
N. United Nations General Assembly, 2015; U. N. United
Nations, 2016). The geodetic infrastructure related to the
global reference frame realization forms the observational
backbone for both the gravimetric determination of ocean
mass changes and the geometric observation of sea
level change by satellite altimetry, since the altimeter
satellites’ orbit determination crucially depends on reference
frame realization.

Cryosat-2), which need to be continued. Key technical issues
to be addressed for improved geodetic mass balances are radar
penetration for DEMs derived from microwave sensors (SRTM
and TanDEM-X) and handling of data voids and artifacts over
glaciers that are common in all DEMs (e.g., McNabb et al., 2019).
There is also a requirement for the availability of DEMs, to update
such DEMs frequently (e.g., every ten years), to provide them
with a clear timestamp, and to improve constantly their quality
and spatial resolution.
Estimation of land water storage changes (including snow)
by global hydrological models can be improved in the future
by data assimilation of multiple observational variables into
global hydrological models (Döll et al., 2016). These observations
include, in addition to in situ observations of streamflow,
geodetic, and remote-sensing time series of total water storage
anomalies from satellite gravimetry and GNSS, water table
variations of surface water bodies and the extent of surface water
bodies and snow. Of particular importance are more accurate
global digital elevation models as well as remote-sensing-based
stream flow estimates. Where access is possible, the water table
elevation-streamflow relation could be determined first by an in
situ measurement, which would allow translating radar altimetry
measurements of water table elevations, ideally once per day, to
streamflow time series.
The benefit from observational developments specific to the
individual ocean mass sources discussed above will ultimately
depend on the ability to consistently combine the observation
systems for each individual element of the ocean mass budget
and finally for the ocean mass budget and sea level budget
as a whole. Pioneering examples include the combination of
satellite altimetry, satellite gravimetry and GNSS to separate
ice sheet mass changes and GIA (Riva et al., 2009; Gunter
et al., 2014; Martín-Español et al., 2016; Sasgen et al., 2017)
or integrating global geometric and gravimetric observations in
global inversions for sea level changes and their contributions
(Rietbroek et al., 2016).

The detailed assessment of the sources of ocean mass
change in continental water and ice mass changes calls for
further developments of their specific observation techniques
and systems.
For the Greenland and Antarctic ice sheets, mass balance
assessments will benefit from the ongoing and respective
developments of satellite and airborne remote sensing, such
as high-resolution and high-accuracy observations of surface
elevation change from satellite altimeters with advanced
resolution capability such as CryoSat-2, Sentinel-3, and ICESat2, operational ice velocity mapping by imaging sensors such as
Sentinel-1, Sentinel-2 and Landsat, ice thickness measurements
by ground-penetrating radar to support assessments of
discharge by ice flow, or firn radar measurements to support
assessments of surface mass balance and firn processes. The
mentioned techniques and missions need to be continued and
further developed.
All estimates of glacier mass loss critically depend on
the availability of a precise glacier inventory. Only with the
availability of the Randolph Glacier Inventory in 2012 (Pfeffer
et al., 2014) could the related global-scale calculations be
performed with some certainty. Considering the rapid glacier
shrinkage globally, a long-term strategy for monitoring global
sea level has thus to ensure regular updates of the global
glacier inventory (GCOS, 2011). Another obvious requirement
concerns the information on glacier changes through time.
Whereas field observations contribute direct measurements of
annual or seasonal mass changes on the selected glaciers globally
(Zemp et al., 2015), remote sensing data provide complementary
information on glacier extent (from optical sensors), elevation
changes (from repeat altimetry or Digital Elevation Model–
DEM- differencing), and velocity to determine the mass flux
for calving glaciers (from optical and microwave sensors). Wellestablished processing lines (Paul et al., 2015) provide these
datasets from the fleet of currently available optical (e.g., Landsat,
Sentinel-2, ASTER), microwave (e.g., Sentinel-1, ALOS PALSAR,
TerraSAR-X/TanDEM-X), and altimetry sensors (e.g., ICESat-2,
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INTEGRATION
By nature, the global mean sea level budget is an integrative
topic. It combines different ECVs that are derived from totally
independent observing systems. These include satellite altimetry,
GRACE space gravimetry, in situ measurements of temperature
and salinity from ships and Argo floats as well as outputs from
various models.
As reported in recent publications, near closure of the sea level
budget over the altimetry era indicates that no serious systematic
errors currently affect these observing systems (at the level of 0.3
mm/year in terms of sea level trend equivalent). It also provides
cross calibration of the systems.
Integrative analyses performed to examine closure of the sea
level budget also inform on the level of uncertainty of each
component, thus calling for additional research on adjacent
topics. For example, uncertainty on the land water component
derived from the budget analysis may question the quality of the
meteorological forcing used to run the hydrological models. The
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level of closure also informs on missing components, e.g., deep
ocean warming below 2,000 m not sampled by Argo, providing
constraints on the current Earth energy imbalance (another
important climate issue).

- Maintain the level of quality of the historical past missions as
high as possible (through regular data reprocessing) to ensure
the homogeneity of the time series,
- Maintain the sea level measurements at high latitudes with the
continuity of the CryoSat-2 mission.

USER ENGAGEMENT

For the steric component, priorities are (see also Meyssignac et al.,
2019, this issue):

The primary users of the GMSL record and of the sea level
budget are meteorological and climate organizations. The WMO
now integrates the sea level ECV and the sea level budget in
its yearly reports on the State of the Global Climate (WMO
(World Climate Organization), 2019). The data sets for the GMSL
already feed the “OBS4MIP” database of the WCRP. Data sets for
the components of the sea level budget should also be included
in OBS4MIP in the future. This will be most useful for CMIP
(Climate Model Intercomparison Project) exercises, including
coupled climate model validation. The IPCC (Intergovernmental
Panel on Climate Change) reports are the ultimate users of
this process.
In addition to these institutional users, public and private
stakeholders are mostly interested in gaining information about
GMSL changes. Although it is a slow process, sea level rise
counts among the most ominous impacts of current climate
change. It is one of the most pressing societal threats. Sea level
rise at the coast results from several contributions: the global
mean sea level rise, the superimposed regional variability, and
the small-scale coastal processes. On the long term (several
decades), the global mean rise will dominate the other factors. To
assess present-day and future coastal risks (e.g., temporary and
permanent flooding at the coast, shoreline retreat, etc.), national
and regional authorities in charge of developing adaptation
strategies to cope with climate change impacts, including sea
level rise, represent a new category of end users that need
to be regularly informed on the state of the climate and its
future evolution. Novel procedures of communication toward the
civil society, governmental organizations, and the private sector
should be implemented so that the most up-to-date climaterelated information, including the rate of sea level rise (present
and future) and its causes (hence the sea level budget), can be
regularly delivered outside the science community, in support of
societal needs.

- Maintain support for Core Argo (www.argo.ucsd.edu,
doi: 10.17882/42182),
- Implement Deep Argo,
- Perform regular subsurface temperature measurements (e.g.,
using dedicated Argo floats or other autonomous devices,
and ship measurements) in areas not well-covered: marginal
seas, high latitudes, boundary currents, and shallow areas and
shelf regions,
- Perform/assure systematic calibration of Argo measurements
using independent observing systems, notably the
maintenance of CTD (conductivity/temperature/depth)
shipboard measurements used for the quality control
procedure for Argo measurements; assure development of
these calibration values in-line with extensions of Argo (e.g.,
assure deep shipboard profiles for deep Argo).
For the mass component, recommendations include:
- Sustained measurements of ocean mass changes, of ice sheet
and glaciers mass balances, and of land water storage changes
from a GRACE-type mission with improved performances,
especially in terms of spatial resolution,
- Sustained monitoring of land ice bodies using various
remote sensing systems (InSAR, radar and optical imagery,
standard radar as well as SAR/SARIN, and laser altimetry)
and modeling,
- Improvement of global hydrological models, which requires, in
particular, more accurate global digital elevation models as well
as remote-sensing-based stream flow estimates.
In addition to observational requirements, we also recommend
continuing modeling efforts for terms to consider in the
global mean sea level budget but not yet easily accessible by
observations. This includes improvement of GIA models.
Notwithstanding, reducing errors still affecting all terms of the
sea level budget remains a major goal. Most recent studies of the
global mean sea level budget find closure of the budget to about
0.2–0.3 mm/year in terms of trend, the attached uncertainty
being on the order of 0.3 mm/year. This uncertainty level of 0.3
mm/year (of the same order of magnitude as some components;
e.g., land water storage, GIA) looks to be a threshold that appears
difficult to overcome. Moreover, this 0.3 mm/year uncertainty
does not account for systematic errors affecting each term of the
budget. For example, the GMSL trend (systematic) uncertainty is
estimated to 0.3–0.4 mm/year (Legeais et al., 2018, Nerem et al.,
2018). Errors of the wet tropospheric correction applied to the
altimetry data and link between successive missions remain the
largest contributors to the GMSL trend uncertainty (Ablain et al.,
2019). Additional errors come from the Terrestrial Reference
Frame in which the altimeter measurements are represented.

CONCLUSIONS
AND RECOMMENDATIONS
To assess the global mean sea level budget, i.e., we need sustained
observations with as global as possible coverage of sea level by
satellite altimetry and of the steric and mass components from
various space-based and in situ observing systems.
For sea level, we recommend:
- Continuity of the high-precision altimetry record
beyond Sentinel-6/Jason-CS,
- Investigation of the possibility to modify the orbital
characteristics of the reference missions in order to cover
the Arctic Ocean,
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A space geodetic collocation experiment—GRASP (Geodetic
Reference Antenna in SPace)—has been proposed to reduce some
of these reference frame uncertainties by tying together the major
geodetic techniques (GNSS, SLR, DORIS, and VLBI). More work
is needed to understand the remaining systematic errors of each
term of the budget and reduce them.

a single merged article. This manuscript is the outcome of such
a merging.
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